Introduction:
Understanding of wetting phenomena, on a molecular scale, bridges many topical challenges for contemporary chemical physics as it requires detailed knowledge of the role of surface structure and topography, of solution/surface interactions, and of droplet motion on a variety of time and length scales. Although a variety of approaches for controlling wetting have been advocated, 1 electrowetting has consistently attracted the most attention because of its reversibility and the simplicity of the basic electrowetting configuration. 2 In the classical approach to electrowetting, the reduction in contact angle is driven by the energy stored in the capacitor created at the electrode/solution interface.
Charge storage requires the presence of ions on the solution side of the interface, although the requirement for the substrate to be a conductor has been circumvented by the development of the electrowetting-on-dielectric (EWOD) configuration: this approach has dominated technological applications of electrowetting since its introduction ca. twenty five years ago. 3 The EWOD approach, although counter-intuitive from an electrochemical perspective as it necessities the use of higher voltages, has the advantage of suppressing surface oxidation and other electrolysis phenomena which confounded earlier attempts to move away from mercury as a substrate for wetting. 4, 5 This innovation has led to the widespread adoption of EWOD as a technological platform, notably in adaptive optics and droplet actuation applications. 6, 7 Many of these applications of electrowetting require a dual liquid phase geometry, where the conducting electrolyte droplet (frequently an aqueous solution) is surrounded by an immiscible (normally, organic) liquid.
experimental realisation, in collaboration with Kucernak, of a dielectric-free ITIES approach to electrowetting based on the use of gold as the substrate, where significant changes in droplet contact angle (≈ 30°) were obtained with applied potentials of less than 1 V. 13 To obtain a flat substrate, and thereby minimise "pinning" of the droplet on surface steps, the gold film was prepared by sputtering on to a titanium-coated quartz substrate. Other groups have subsequently reported classical EWOC experiments, based on aqueous electrolyte phases surrounded by air. Pu et al used composite films of graphene and carbon nanotubes, which yielded large (up to 50°) changes in contact angle, although significant voltages were applied (±10 V). 14 Liu et al employed a stainless steel substrate with an applied potential of +1.5 V, again observing a change in contact angle of ca. 50°, although the wetting effect was slow (minute timescale), polarity dependent and irreversible. 15 Most recently, Unwin and coworkers have reported that reversible electrowetting occurs at positive potentials on graphite for aqueous solutions containing oxy-anions, with the phenomenon attributed to the reversible intercalation of these anions. 16 Contact angle changes of ca. 25°, over 1 V potentials, were observed although considerable hysteresis was seen in the wettingdewetting response. A recent report from our laboratory has described reversible, hysteresis-free EWOC on basal plane graphite using concentrated aqueous electrolyte solutions, surrounded by air, organic solvents and exploiting the ITIES configuration proposed by Kornyshev et al. Contact angle changes of 50°, over a 1 V potential range, and 100°, over a 1.5 V potential range, were seen for the liquid/air and liquid/liquid configurations, respectively. 17 The aim of the present contribution is to study this wetting on carbonaceous surfaces in more depth, noting that the interaction of water (and aqueous electrolyte solutions) with graphite, graphene and carbon nanotubes has been the focus of considerable activity over the past decade. This is driven by a desire to understand better the nature of the sp 2 carbon-water interaction, given that such surfaces are believed to facilitate the motion of aqueous droplets over them, and is given a further impetus by numerous applications (e.g. in energy storage), where the wetting of small pores within graphitic carbons by electrolyte solutions is extremely important.
current work is debate in the recent literature on the contact angle of graphene, specifically the degree to which the observed contact angle is dictated by the underlying substrate, 19, 20 and on the contact angle of graphite, including the extent to which ambient surface contaminants perturb the contact angle. [21] [22] [23] The presence of the latter is also reported to affect the intrinsic electrochemical response of graphite surfaces, either through the effect on the kinetics of heterogeneous electron transfer, [23] [24] [25] [26] or on the capacitance of graphite/electrolyte interfaces. 27 Here we describe the effect of surface treatment, including ambient ageing, on the graphite electrowetting response and also attempt to generalise the phenomenon to other carbonaceous surfaces including graphene, with the aim of better understanding the specific electrode-electrolyte surface interactions responsible for the reversible wetting process.
Experimental: Materials
The electrolyte solution used, unless otherwise stated, was aqueous LiCl (6 M), the salt was obtained from Sigma-Aldrich (> 99.0% purity). Ultra-pure water (18.2 MΩ cm resistivity, total organic content 2 ppb) was obtained from a "Milli-Q" Ultrafiltration system, supplied by Merck were cut into approximately 10 mm × 10 mm samples and cleaned in acetone, methanol and iso-propanol baths by sonication for 30 s in each solvent, before being dried with N 2 . Three PR layers were then spin coated onto the Si wafers (thin -thick-thin PR polymers): AZ1518, AZ4620, and AZ1518. Each resist was spun at 4000 rpm for 45 s and soft-baked at 110°C on a hot plate for 20 min in air. A final oven soft-bake followed, at 110°C for 1.5 hr, also in air. The pyrolysis protocol consisted of heating to 300°C, in a forming gas atmosphere for 40 mins, heating from 300°C to 600°C, in a forming gas atmosphere for 40 mins, then heating from 600°C to 900°C in a forming gas atmosphere for 30 mins, and finally heating from 900°C to 1100°C in a forming gas atmosphere for 1 hour. The samples were then allowed to cool to room temperature under forming gas overnight.
The PPF was cleaned with iso-propanol in a small ultrasonic cleaning bath for 15 s and then rinsed with isopropanol several times. The aqueous electrolyte contact angle (in air) of such PPF samples was found to lie between 60° and 70°. For some samples, the PPF was subsequently exposed to an ambient heat treatment where it was heated to 100°C for 1 hour: this was found to increase the initial contact angle of the aqueous droplet on the PPF to 80°. A higher temperature, inert atmosphere treatment (500°C for 1 hour under argon) was also employed, although the initial contact angle was found to be the same as that for the air-heated sample.
Graphene samples were prepared by either micro-mechanical exfoliation of natural graphite (Naturgraphit, GmbH, Germany) or chemical vapour deposition (CVD). Natural graphene sample were made by repeated cleavage using cello-tape to obtain a flat and pristine graphite surface, which was pressed onto clean Si/SiO 2 wafers, previously washed by successive ultrasonication in acetone and iso-propanol, blow-dried by N 2 , and treated with O 2 plasma to remove airborne adsorbates. The tape was dissolved in methyl iso-butyl ketone and the wafers were washed in iso-propanol, blow-dried with N 2 and baked on a hotplate for a couple of minutes. A fresh flake surface was exposed by a final peel using the above tape. Flakes were identified using optical microscopy and electrical contact made, as 29 The graphene films were cleaned by soaking in chloroform for 1 day and then rinsed with iso-propanol several times.
The resultant samples were left to dry in air. Connection to the carbonaceous working electrodes was made using a 0.25 mm diameter copper wire connected via Ag epoxy resin (supplied by RS Components).
Apparatus
The EWOC experiment used a configuration reported previously, where EWOC was performed with either an Autolab PGSTAT302N potentiostat (Metrohm Autolab, Utrecht, Netherlands) or an Ivium Compactstat (Ivium Technologies BV, Eindhoven, Netherlands) using a three electrode set-up, where the carbon materials acted as the working electrodes.
In the standard electrowetting configuration, droplets were deposited on the carbon substrate using a microinjector (PV820 Pneumatic PicoPump) to expel the electrolyte solution from a micropipette (drawn from borosilicate capillaries with a Sutter P-97
Flaming/Brown Micropipette Puller to give a tip with inner and outer diameters of approximately 0.5 and 2 µm respectively). Both the substrate and the micropipette were controlled using manual micro-positioners, so that the micropipette could be brought in close proximity to the surface. The micropipette also served as the electrolyte reservoir within which the auxiliary electrodes were located ≈ 3 cm from the conducting substrate. The droplet shape during electrowetting was determined from side-on images primarily captured using a CCD camera (Infinity, Lumenera) with the droplet backlit using an LED light source.
The contact angle was then determined using a custom-written MATLAB TM programme, as detailed in our earlier report.
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Atomic force microscopy (AFM) images were collected in PeakForce QNM tapping mode with a Multimode8 (Bruker) using silicon nitride SNL-10 cantilevers. Image analysis was performed with Nanoscope Analysis (v1.6, Bruker). Raman spectroscopy (Renishaw inVia, spectrometer with a monochromated Al Kα source, hν =1486.6 eV) were also performed as further means to characterise the carbon materials. Fig. 1 is associated with an increase in the water contact angle, whereas heating of the PPF (see Experimental section), which is assumed to remove not only contaminants from the surface but also change the termination of surface, is seen to increase the water contact angle.
Results:
The increase in aqueous contact angle, for charged and uncharged surfaces depending on the degree of ambient exposure, is also reflected in differences in the potential-dependent contact angle change, compared to the "fresh" surface. These findings are consistent with other surface sensitive measurements on basal plane HOPG, for example, the effect of ambient exposure on its contact angle at neutrality, 23 and our own recent work, which has
shown that the capacitance of the surface is reduced by approximately 50% on exposure to the ambient. 27 The reduction in capacitance was accompanied by a positive shift of the potential of zero charge (PZC), which was also observed in this study. The change in capacitance is also evident from the reduction in strength of the electrowetting response, which can be more clearly seen if the cosine of the droplet contact angle, θ, is plotted vs. the square of the applied potential, E , following the Young-Lippmann equation (equation 1, and
Where C(E) denotes the potential-dependent capacitance of the solid/liquid interface (HOPG/aqueous LiCl in this case), E pzc is the potential of zero charge, ߛ LV is the surface tension between the two fluid phases (aqueous/air here, taken to be 83.3 mN m −1 ) 17 , and η denotes the electrowetting number. The analytical form of the expression results when the capacitance is assumed to be constant, an approximation made widely in the literature. 2 The dynamics of the electrowetting response are not the specific focus of this work, but a preliminary investigation shows that the wetting dynamics are also sensitive to the ageing of the graphite, with a slowing of the time-scale of the response from ca. 10 ms to approaching 100 ms (see Fig 2(c) ).
As well as the finding that the wetting is sensitive to the surface state of the graphite sample, we have also found that the wetting depends more generally on the type of carbon substrate used. The electrowetting response, for the same electrolyte droplet and potential range, of basal plane HOPG and thermally pre-treated PPF is shown in Fig 3, highlighting the lack of wetting response seen on the latter surface. A similar "null" response was obtained from the non-heated PPF sample, which has a lower initial contact angle. The lack of wetting response on the PPF cannot be attributed to a significant change in the electrochemical behaviour of this material. The response of PPF is compared to HOPG (see Supporting   Information, Fig. SI1) , showing that the most significant change in electrochemical response occurs on ageing of the graphite sample, particularly at positive potentials. Similarly, Fig. SI2 shows the plan-view optical micrographs of the aqueous droplets, again showing no significant deviation from the ideal spherical cap geometry for the droplets injected onto largely defect-free regions of the HOPG, PPF and CVD graphene (discussed further below).
AFM of the PPF samples does, however, reveal a greater surface roughness than basal plane HOPG, as shown in Fig. 4 (a) and (b), which present a few isolated larger particles on the PPF. In spite of the presence of the larger particles, the surface roughness is still below the threshold of 100 nm previously observed to cause droplet pinning on graphite surfaces. 17 Raman spectroscopy is also presented in Fig. 4 and is consistent with previous reports for this material. 30 The characterisation presented within Fig. 4 for the graphitic surface is also consistent with literature reports for this material. XPS analysis (data not shown) indicates that the primary effect of ageing on composition is an increase in oxygen content from ca.
1% for the freshly cleaved surface to ca. 3% for the ambient aged surface. We therefore interpret the lack of wetting seen for PPF as evidence for a specific interaction between aqueous solutions and graphitic (i.e. exclusively sp 2 carbon) surfaces. This is related to recently observed phenomena such as the ultra-rapid transport of water through carbon nanotubes and precision "nano-capillaries" fabricated between graphite flakes using graphene "spacers" as the capillary walls. 31, 32 PPFs can be viewed as "disordered" graphitic materials, which, despite their relatively low surface roughness, are believed to contain a higher number of H-terminated (i.e. sp 3 carbon atoms) at their surface. diazonium functionalisation, following the literature treatment described above (see Experimental section). This treatment transforms a proportion of the basal plane carbon atoms to an sp 3 hybridised state through grafting of the reactive aryl radical on to the graphite surface. 33 Ideally, only a low density monomer coverage is obtained, but the high reactivity of the aryl intermediate means that oligomer structures also form, increasing the surface roughness. 28 The difference in roughness before, and after, the diazonium treatment is evident from the AFM analyses presented in Fig 5 (a) and (b) , respectively.
Functionalisation is also demonstrated from the voltammetric response in Fig 5(c) , which reveals new reductive features associated with the presence of the nitro group, 28 and the Raman spectroscopy, Fig. 5(d) , showing the appearance of a D peak due to the formation of sp3 "defects" within the graphite lattice, and the small upshift of the G-band (ca. 1 cm
), associated with p-doping of the substrate due to the presence of the nitro group. 34 The surface coverage of the nitrophenyl moieties (i.e. sp 3 carbon) can be estimated from the voltammetric response to be 0.47 nm cm −2 , assuming a two electron re-oxidation of the aryl group occurs. 35 Signficantly, no wetting response was observed within the potential window used for the other carbon substrates (see Supporting information), however regeneration of the "fresh" HOPG surface by peeling of the uppermost layers, recovered the electrowetting response.
We have also compared the response seen on the "bulk" graphite surface, by studying wetting on its 2-dimensional analogue, i.e. by using graphene as the conducting substrate. In fact, no significant wetting response was seen for CVD graphene, see Fig. 6 , an effect that may be attributed to the presence of residual polymer particles from the substrate transfer process as well as high polycrystallinity of CVD graphene. [36] [37] [38] The AFM of the CVD graphene shows visible grain boundaries, Fig. 6 
Conclusions
Reversible electrowetting is demonstrated on basal plane graphite, although the magnitude of the effect is susceptible to ageing, with ambient contamination believed to be responsible for this phenomenon. No significant electrowetting effect is observed, under the conditions employed here, for PPF and CVD graphene samples, or for the case of highly defective graphite surfaces, formed through diazonium functionalisation. The failure to observe wetting in the PPF and nitrophenyl-functionalised cases suggests that a specific "low-friction" chemical interaction and lack of inhibition by grain boundaries is responsible for the wetting seen on graphite. Further work remains, however, to resolve the "physical" and "chemical"
contributions to the wetting, since the PPF and nitrophenyl-functionalised surfaces, as well as having a lower density of sp 2 carbon atoms, are also slightly rougher than the original HOPG substrate. In contrast, the observation of wetting on mechanically exfoliated graphene suggests that the lack of wetting on CVD graphene is caused by the presence of transfer debris on the sample surface, causing pinning of droplets, although it is possible that grain boundaries also play a role in the CVD case. Importantly, the observation of wetting on the basal plane of graphene points against recently proposed ion intercalation as the modus operandus of the wetting process. 16 This study offers some guidance to the future development of strategies for the observation of electrowetting on conductors, which present a low voltage, low hysteresis alternative to the widely adopted electrowetting on a dielectric approach. Further studies, particularly of the dynamics of the wetting process, are in progress. 
